With the continued discovery of large gas fields worldwide that have highly prolific sandstone reservoirs, the ability to design wells capable of recovering ultra-high volumes of gas will become of great interest. The project teams for these fields will be challenged to develop the fields with the smallest well count possible. The results from this study could prove useful to production and completion teams supporting large gas field developments. This paper presents a study to determine the feasibility of a subsea sand control gas well producing at rates up to 500 MMscf/D and recovering one trillion cubic feet (Tcf) of gas. Because the size of recent gas field discoveries is so large, reservoir simulation models will show that recoveries exceeding one Tcf are possible from a single location. Considering the huge cost to install deep water subsea sand controlled wells, reducing the total well count necessary to deplete the field is a business imperative. The results of the study show that completing a sand control well that can produce 500 MMscf/D and recover one Tcf is plausible. The details of the well productivity, completion design concepts and relevant comparison of analogue fields is shown. In conclusion, production and completion engineers involved in development of mega gas fields should at least consider planning for such wells.
Introduction
Many ultra large gas fields in offshore areas such as Mozambique, NW Shelf Australia, and the Eastern Mediterranean Sea, to name a few have been discovered that contain significant reserves of natural gas in sandstone reservoirs ( Figure 1 ). The development of these fields will require subsea wells that will cost several hundred million US dollars each to drill and complete. Planning a field development that minimizes the overall well count will have a significant impact on the return on investment for these fields. One way to maximize the value of an individual well is to design it to produce at ultra high gas rates of 500 MMscf/D and recover over one Tcf of gas from a single completion. Depending on the total number of locations required to fully deplete a field, planning for such ultra high volume wells could potentially reduce the well count by half. This could potentially save more than one billion US dollars in development cost. Such a development concept should be evaluated because of the potentially huge value this would add to such projects.
Figure 1 -Map of Some Ultra Large Gas Field Discoveries
This study to evaluate the potential to maximize recovery from a single well completion is comprised of two areas of focus:
1) The well completion design that can deliver an ultra-high gas rate (500 MMscf/D) to maximize production rate and accelerate recovery from a fault block. 2) A worldwide study of 78 analogous gas fields and their actual or predicted performance. This study of analogue fields shows what volumes are being recovered in different regions and what future projects are planning to recover.
Individual Well Deliverability
To understand the ability for a subsea sand control well to produce at rates up to 500 MMscf/D, a NODAL ™ analysis model was built using the reservoir properties from one of the Analogue fields in this study that The Operator has experience with. Using values from operational experience, the performance was predicted for a well completed with an open hole gravel pack (OHGP) for the sand face completion technique. Figure 2 below shows well deliverability of three possible tubing sizes for a theoretical completion in one of the Analogue fields at original reservoir pressure. The well deliverability depends on what minimum flowing wellhead pressure can be allowed by the subsea system design, and what size tubing is selected. These results are considered reasonable based on regional experience with this type of completion. The Operator has experience with this completion design at production rates above 300 MMscf/D. Certain NODAL model parameters (such as Skin, and non-Darcy turbulence) used to match the performance of offset wells was used to model this potential ultra high rate well. The drawdown required to achieve the gas rates shown in Figure 2 is not shown because the industry has widely accepted that drawdown alone is not a good indicator of how hard a well is being produced. Instead, this study uses the bpflux™ approach 1 that considers more relavant factors than just drawdown. The results of the flux calculations show that for flowrates up to 500 MMscf/D the screen 'C' factor is below 30, which is considered lower risk according to the bpflux™ method. The ability for this theoretical well to reach production rates of 500 MMscf/D relies on the completion being designed correctly and properly installed. 
Completion Design
Designing a highly reliable completion capable of meeting the requirements of 500 MMscf/D and recovering one Tcf is a challenge that requires a proven design. The Operator has employed such a design to successfully deliver highly reliable completions in the Eastern Mediterranean Sea the last four years. Previous papers have been published that detail the method successfully used to deliver these ultra high gas rate completions 2, 3, 4 . The details of the design of this theoretical well will not be discussed here because they will be similar to the design discussed in the referenced papers. Figure 3 shows the wellbore schematic for a possible completion design using smaller 7" tubing that can reach very high gas rates.
Future completion engineers should consider larger well designs that use 7-5/8" or 9-5/8" tubing to deliver ultra high gas rates. Factors such as the reservoir depletion mechanism and water production philosophy will help determine if larger tubing sizes should be considered for a particular development. Well Longevity -Analogue Fields To gain perspective on the longevity of other high rate gas wells, research was conducted on published literature from SPE papers, asset analysis available from Wood Mackenzie 5 , and the Knowledge Reservoir GoM database 6 .
The world map depicted in Figure 4 shows the location of the analogue fields considered in this study. To avoid focusing on just one region an effort was made to include analogue fields from around the world. While 78 fields are included in this study as "analogues", there are only a few true analogues that meet the properties of size of gas reserves, rock type, reservoir quality, sand control completion technique, and the subsea requirement of these future developments.
The following describes the methodology for selecting and analyzing analogue fields / wells: 1. Identify fields with large initial reserves of gas. Consider fields with a relatively low well count compared to the reserves. 4 .
Consider fields that have a high gas production rate per well. There are many large gas reservoirs onshore but most of them are developed by drilling hundreds or thousands of small wells. These fields are not considered.
5.
Only consider reservoirs that have sandstone geology. Many large gas reservoirs (primarily in the Middle East) are carbonate structures and not good analogues.
Africa
The continent of Africa is a highly prolific oil and gas producing region and many African countries have significant gas reserves and production for comparison. Gas reservoirs in the countries of Egypt, Equatorial Guinea, Libya, and Mozambique were selected for this study. Figure 5 in Appendix A shows a regional overview with the location of analogue fields, and Table 1 summarizes field data compiled for this study.
Fields located offshore Egypt in the southeastern Mediterranean Sea are good analogues; however, due to their limited size or structurally complex and compartmentalized nature, they are not considered the best analogues. The completion type is, however, a good analogue since many of the wells are completed as OHGPs or with expandable sand screens (ESS). The gas recovery per well in Egypt ranges from 177 to 267 Bcf mainly due to the limited size of reserves each well is connected to.
The Alen field in Equatorial Guinea came online September 2013 with several rich-gas producer wells completed as OHGPs with high production rates. These wells are good analogues since they are completed in a highly prolific sandstone reservoir and are being used to cycle gas for condensate stripping. The stated gas recovery per well in Table 1 for Alen is conservative because with gas cycling, the amount of gas produced from each well to strip condensate will likely be several multiples of what is shown in the table.
The recent massive gas discoveries in Area 1 and Area 4 offshore Mozambique are good analogues due to their size, rock type, reservoir quality, limited well count, individual well production rates, and completion type. While these wells will not be online until at least 2019, a conservative estimate of 56 wells has been made to develop these fields. What is not shown in the reserves data for Mozambique is the large potential upside to the reserves. 
Asia Pacific
The Asia Pacific region, especially Australia, has good analogue fields with large highly prolific sandstone reservoirs. Gas reservoirs in the countries of Australia, China, India, Indonesia, New Zealand, and Papua New Guinea were selected for this study. Figure 6 in Appendix A shows a regional overview with the location of analogue fields, and Table 2 summarizes field data compiled for this study.
The Australian northwest shelf is a gas rich area that is home to many large, high quality sandstone reservoirs. Included in this study are Gorgon, Io/Jansz, Ichthys, Wheatstone, and the NW Shelf Gas Project fields all of which have large reserves 7, 8, 9 . One issue comparing Australian fields is the completion type. The majority of these analogue wells have cased and perforated (C&P) completions. The native sandstone is highly prolific but sufficiently cemented that sand control is unnecessary.
However the Io/Jansz, Macedon, and Pluto fields have sand control completions due to weaker sandstone that lacks the strength necessary to remain competent under flowing conditions. Of particular interest is the Io/Jansz field under development by two large Operators. The Operators have elected to use an OHGP completion design. Using the published well count of 15 for Io/Jansz and an estimated recoverable reserves of 16.2 Tcf the recovery calculates to just over 1.0 Tcf per well. This is encouraging for such a large operator to select the OHGP completion and estimate a recovery of just over 1.0 Tcf per well.
In discussions with engineers from a NE Shelf Australia operator a list was provided of nine operated wells from their NW Shelf properties that have produced over 500 Bcf cumulative gas per well. The top three wells have made 1033, 906, and 894 Bcf respectively. The difference with these analogue wells is they all have C&P completions. The Pluto field is also a good comparison because of the need for sand control and the Operator's selection of the ESS technique for the sand face completion. While the ESS is a different type of sand control completion than the OHGP, it is a good comparison because of Europe While there are not many analogue fields in the European region, the ones in Norway provide the best comparison. The Ormen Lange field offshore in the Norwegian sector of the North Sea is considered to be the most similar analogue field. Gas reservoirs in the countries of Ireland, England, The Netherlands, and Norway were selected for this study. Figure 7 in Appendix A shows a regional overview with the location of analogue fields, and Table 3 summarizes field data compiled for this study.
The fields located in Ireland 15 and England 16 are smaller in volume, have wells that flow with less rate, and have C&P completions. The massive Groningen field onshore in the Netherlands is one of the largest analogue fields in the study but was included because some of the wells are completed as OHGPs 17, 18 . They have reached individual flow rates as high as 90 MMscf/D and are estimated to recover about 380 Bcf from each well depending on location in the field.
The best analogue field considered is the Ormen Lange subsea field offshore Norway 19 . This reservoir is located in deepwater, has a very large gas volume, and has ultra-high rate OHGP completions. Much of the Ormen Lange completion design was considered for the Tamar field offshore in the Eastern Mediterranean Sea, and could also be used for other analogous fields. The estimated recovery per well for Ormen Lange is slighltly less than 500 Bcf but it is not known if this is due to a higher well count for higher overall field rate, or due to a calculated maximum recovery for a particular location. It is likely that certain Ormen Lange wells completed high on the structure will produce in excess of 500 Bcf. The massive Troll field also offshore Norway 20 is a good analogue, although less so than Ormen Lange. Troll has relatively few wells per volume of recoverable gas and will continue to be on production for decades to come. Many of the wells are completed with the OHGP technique, but are accessing a very different depositional sandstone reservoir. The gas bearing section of the Troll field is extremely large in areal extent, but very thin in net reservoir thickness. The completions are designed as long horizontals in order to reach the high individual well production rates of up to 160 MMscf/D. Other analogue fields by contrast have much thicker sandstone layers that will not require high angle or horizontal wells for the purpose of reaching high production rates. There may be a desire to complete wells at a high angle in the future to avoid an encroaching water contact, but this will not be necessary just to reach a high gas production rate. 
Latin America
Latin American analogues are restricted to South American countries. The authors could not find any suitable analogues in Central America or Mexico. Gas reservoirs in the countries of Argentina, Brazil, Columbia, Peru, and Trinidad were selected for this study. Figure 8 in Appendix A shows a regional overview with the location of analogue fields, and Table 4 summarizes the field data compiled for this study.
Argentina has two large offshore reservoirs near the southern tip of the country called Carina and Aries 21, 22 . This complex is a great analogue because they have a small number of wells with OHGP completions. The Carina wells have been online since 2006 and have a recovery volume per well of 369 Bcf likely due to the size of the recoverable reserves being limited to 2.2 Tcf.
Brazil is almost exclusively an oil producing country, but there are a few gas fields, the most analogous is the Mexilhão gas field that came online in 2011. The wells are OHGPs with an estimated recovery of 261 Bcf each 23 .
The analogue wells in Peru are land based but completed in highly prolific sandstone reservoirs capable of producing up to 100 MMscf/D per well 24 . The Cashiriari -San Martin field online since 2004 is estimated to require just 15 wells to deplete the field which calculates to 450 Bcf per well. One main difference is the completions are C&P.
Trinidad arguably has the largest concentration of OHGP completions in the world 25, 26, 27 . Much of the technology around gravel packing was developed and continues to evolve in Trinidad. Second only to Ormen Lange, the Cannonball field in Trinidad has the second highest individual production rate from an OHGP completion at 333 MMscf/D 28 . While Trinidad provides many great analogues due to the nature of the sandstone reservoirs, the wells are typically restricted in cumulative production due to the highly compartmentalized nature of Trinidad reservoir layers. Unlike the thick aerially extensive sandstone layers of newer worldwide discoveries, Trinidad sand layers are broken up with many faults that limit their individual size. Therefore the average recovery rate per well in Trinidad varies from 72 -333 Bcf per well with the median being 171 Bcf. 
Middle East
The Middle East is home to some of the largest gas reserves in the world namely the North Field in Qatar; however these massive reservoirs are large carbonate structures and not good analogues to highly prolific sandstone. The only real analogue formations the authors could find are in the Eastern Mediterranean Sea. Figure 9 in Appendix A shows a regional overview with the location of analogue fields, and Table 5 summarizes the field data compiled for this study.
Because the only identified analogue wells in the Middle East are in the Eastern Mediterranen Sea, there are only a couple of analogues for comparison. The depleted Mari-B field and Tamar field are the best analogues in the region. The Mari-B field has a highly prolific sandstone formation and high rate sand control completions 2 , but because the reservoir is shallow, and contains very clean sandstone with little cement, the reservoir experienced some compaction that caused damage to several of the wells. Therefore the recovery is limited to just 125 Bcf per well.
The Tamar field is the closest analogue because it has similar properties to recent worldwide discoveries. The Tamar wells were completed with the OHGP completion design, however because the field only recently came online, the cumulative production from each Tamar well will not be known for many years. The Tamar wells have been produced at rates in excess of 300 MMscf/D without issue so this helps to validate the OHGP well design. 
Statistics
* These 'Bcf/Well' values are not the Reserves divided by well count. They are specific wells that have, or are anticipated to produce this amount. † Leviathan development has not been sanctioned, the ultimate gas rate will depend on development type, regulations, and market. ‡ The ultimate number of wells needed is unknown because it depends on future market forces, not reservoir properties. North America While North America has large total gas reserves all over the US and Canada, the majority of it is contained in unconventional rock, or conventional rock that has small reserves, or non-prolific flow rates. Figure 10 in Appendix A shows a regional overview with the location of analogue fields, and Table 6 summarizes the field data compiled for this study. Most of the US and Canada contain onshore conventional and unconventional reservoirs that must be developed with very high well counts to recover the reserves. Highly prolific sandstone reservoirs are rare and typically located in the Arctic, North Atlantic, and GoM.
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In the Beaufort Sea of the Canadian Arctic there are two gas fields named Parsons Lake and Taglu.
While not yet producing, these fields are planned for development with a low well count with each well reaching a production rate up to 40 MMscf/D. Off the coast of Nova Scotia is the Thebaud -Venture cluster of reservoirs producing from a few high rate gas wells 29 . These wells have reached production rates up to 100 MMscf/D.
In the US Arctic is the Point Thompson gas field on the North Slope of Alaska. This field is being developed with an estimated startup in 2015 as a condensate stripping field. The ultimate goal is to sell gas once condensate is removed and a potential pipeline to market or an LNG terminal is built. Just 25 wells are planned to develop the field including the blow down of gas in the future. With recoverable reserves of eight Tcf this calculates to 320 Bcf per well excluding the gas that will be cycled through the wells to strip the condensate. While it is unknown how many reservoir volumes must be cycled to recover the condensate, the ultimate production volume per well is likely to be much higher than 320 Bcf.
The US GoM contains many gas wells with relatively productive sand control completions 30, 1, 31 , however one of the largest gas fields discovered is the Mensa field and when originally full, contained slighltly less than 1.0 Tcf of recoverable gas. This makes comparison to recent large gas discoveries a stretch. Looking at the five highest recoveries in the GoM, they have a maximum cumulative production of 263 Bcf and a median of 243 Bcf. Russian and Caspian Similar to the Middle East, the Russia and Caspian region contains some of the largest known gas reserves in the world, with Russia having the world's largest reserve base. Because some of these fields are orders of magnitude larger than recent descoveries, these particularly large fields were excluded from the study. Gas reservoirs in Azerbaijan, and Russia closer in volume to recent discoveries were selected for this study. Figure 11 in Appendix A shows a regional overview with the location of analogue fields, and Table 7 summarizes the field data compiled for this study.
The large gas field Shah Deniz offshore Azerbaijan in the Caspian Sea is similar in size and has ultra-high rate gas wells capable of producing up to 220 MMscf/D 32 . With 38 development wells planned, the recovery is expected to be just less than 500 Bcf per well. While these are similarities to recent discoveries, the Shah Deniz sandstone has enough strength that sand control is not required. The field's Operator is planning subsea wells that may be completed with sand control if necessary.
Russia is home to the largest known gas reserves in the world at just over 700 Tcf remaining and has several good analogues. Just east of Sakhalin Island is the Lunskoye gas field that came online in 2009 with high rate wells capable of producing up to 300 MMscf/D each 33 . With a reserve base of 11 Tcf and 11 wells planned for the development, the recovery is estimated at 1.0 Tcf per well. Lunskoye wells are all C&P platform wells designed to produce sand. The operator decided to allow sand Table 8 shows the critical data this study sought to determine; which is how much cumulative gas can be recovered from a single well completion? While the median Bcf/well recovery for all regions is just 261 Bcf, the maximum Bcf/well for all regions is 923 Bcf.
Many variables exist beyond the scope of this study that affect the ultimate recovery per well, including:
• Size of the reserves connected to the individual well.
• Composition of the gas, H 2 S, CO 2 , condensate yield.
• Reservoir quality that determines sand face performance.
• Reservoir pressure that determines inflow velocity (Flux) into the completion.
• How the well is operated: is it ramped up and down daily vs. online at a constant rate.
• Reservoir compaction that prematurely fails the completion.
• Quality of the sandface completion.
• Well reliability and integrity.
Given the different variables that will affect the ultimate recovery per well, only a broad estimate can be made using a statistically significant database of analogue wells and fields. While the ultimate recovery of recent discoveries will only be determined with time, the results from this study suggest it is reasonable for a subsea sand control well to recover up to 1.0 Tcf of gas.
Conclusions
Based on the Operator's experience with offset wells; combined with the results of the analogue field study, the possibility to complete a subsea sand control well capable of producing 500 MMscf/D and recovering one Tcf is plausible. The production and completion teams recommend to future project teams that such a well development concept be evaluated because of the potentially huge value this would add to such projects.
